Enhanced and anisotropic field-effect mobility of thin-film transistors based on pentacene was obtained on a substrate covered with a prerubbed, self-assembled monolayer ͑SAM͒ of n-alkyltrichlorosilane. The field-effect mobility along the rubbing direction increased by a factor of ϳ15 on rubbed n-nonyltrichlorosilane-modified surface, whereas on n-octadecyltrichlorosilanemodified surface, an increase by a factor of 2-4 was observed. The structures of pentacene films deposited on the SAM/rubbed SAM were characterized by powder x-ray diffraction, atomic force microscopy, and carbon K-edge near edge x-ray fine structure spectroscopy. An in-plane alignment effect on the pentacene packing and film morphology is proposed. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2364125͔
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Organic thin-film transistors ͑TFTs͒ have attracted much attention for their potential as alternatives to the traditional amorphous silicon-based TFTs.
1 Although the field-effect mobilities for most organics are still too low to be of practical use, the pentacene molecule stands out as a promising material because of its ability to form ordered films 2 and its reasonably high field-effect mobility and on/off ratio. 3 Numerous efforts were attempted aiming at improving the electronic properties of pentacene-based devices. These include fine-tuning the film morphology by adjusting the deposition parameters such as deposition rate, temperature, and pressure, 4 or reducing the threshold voltages by using highgate insulators. 5 Modification of SiO 2 / Si substrate surface with an organic monolayer, such as n-octadecyltrichlorosilane ͑OTS͒, has been found to improve the field-effect mobility of pentacene-based transistors by several folds. 6 The origin of the improvement is complicated, as both morphology and interfacial character change as a result of such modifications. The very interfacial interaction may influence the accumulation of carriers ͑which affects the carrier density͒, 7 and the migration of organic molecules ͑which affects the grain sizes͒, among others. Although more ordered films were suggested to account for the increased mobility for pentacene film deposited on OTS-treated SiO 2 / Si, there was also contradicting report showing that the pentacene film deposited on the OTS-treated SiO 2 / Si has much reduced grain size and is less ordered. 8 These observations are in sharp contrast to the common belief that well-ordered and larger grains are prerequisites of higher mobility. 9 A recent study examined the morphology of the initial submonolayer of pentacene deposited on OTS-or hexamethyldisilazane-treated surface. Different crystal shapes on different surfaces were observed. 10 A direct correlation of the crystalline structure of these initial monolayers and the mobility of the corresponding thicker films was suggested.
In this letter, we report our study of the structure of pentacene film deposited on a rubbed self-assembled monolayer of n-alkyltrichlorosilane on SiO 2 / Si substrate and its correlation with mobility. Rubbing-induced anisotropy in the crystal growth of semiconducting molecules and thus the electronic properties has been observed on polymers or predeposited alignment layers. 11, 12 The rubbing of polymer in general created a rather rough surface and flat-lying molecular geometry in the film on top, 12 both of which are not desirable for device fabrication. For the self-assembled monolayer of nearly perpendicularly oriented alkyl chains with a thickness less than 2 nm, the effect of rubbing on the growth of pentacene is interesting. In this study, a long chain OTS, which gave a solid or crystalline monolayer, and a short chain n-nonyltrichlorosilane ͑NTS͒, which gave a liquidlike monolayer, were rubbed first and then examined as the alignment film. Highly anisotropic field-effect mobilities were observed in both cases: much higher along the rubbing direction and lower in the direction perpendicular to the rubbing action, to an extent depending on the monolayer used. Alignment effect on the packing of pentacene molecules and/or morphology improvement as a result of the rubbing action are proposed to rationalize the enhancement effect.
The n-type silicon wafer with 300 nm SiO 2 grown by dry oxidation process was cleaned by Piranha solution first. After thorough rinsing with water and drying, the substrate was placed in a 1% ͑w / w͒ toluene solution of OTS or NTS a͒ Electronic mail: ytt@chem.sinica.edu.tw for 3 min. The substrate was then sonicated in pure toluene and blown dry with N 2 . For the rubbed surface, a selfassembled monolayer ͑SAM͒-covered substrate was gently rubbed with a soft flannelette cloth along a single direction for dozens of times. X-ray photoelectron spectroscopy measurements showed that the rubbing action did not remove any materials from the surface. Attenuated total reflection infrared spectroscopy showed that the alkyl chain matrix exhibits as ͑CH 2 ͒ and s ͑CH 2 ͒ at 2919 and 2849 cm −1 , respectively, for the OTS-treated surface, and 2925 and 2854 cm −1 , respectively, for the NTS-treated surface. These suggest a near crystalline packing of the OTS monolayer and liquidlike matrix for NTS monolayer. 13 Rubbing did not change these features or reduce the IR peak intensities. Atomic force microscopy ͑AFM͒ showed that the SAM-covered substrates were very flat, with an average roughness ϳ2 Å, which is higher than the original roughness of ϳ0.8 Å for the untreated SiO 2 surface. After rubbing, the roughness decreased slightly to ϳ1 Å. A 60 nm thick pentacene was deposited on the substrate which was held at 55°C under a base pressure of 9 ϫ 10 −6 torr and an initial rate of 0.1 Å / s for the first 10 nm and 0.5 Å / s afterwards. For systematic comparison, films on different substrates were deposited in the same batch. The device was completed by the source and drain deposition through a shadow mask. The source and drain electrodes are positioned either along or perpendicular to the rubbing direction. The channel length L and width W were 50 and 100 m, respectively. The I-V curve was measured with a HP 4156C parameter analyzer. The field-effect mobility and on/off ratio are calculated from the measured current at saturation regime using a standard equation. Table I shows the field-effect mobilities and on/off ratios measured for various samples. On unrubbed samples, the measured mobility eff exhibits no directional dependence. Whereas on rubbed samples, a clear directional anisotropy in the field-effect mobility was observed. For OTS-modified substrate, the eff ͑ ʈ ͒ parallel to the rubbing direction increases by a factor of 2.5 over the eff for the unrubbed OTS/ SiO 2 / Si sample. The on/off ratio also increased to 10 7 . However, the eff ͑Ќ͒ perpendicular to the rubbing direction was significantly smaller than the original eff value of the unrubbed sample. On NTS-modified substrate, the eff ͑ ʈ ͒ showed an even higher mobility, up to 3.1-3.5 cm 2 /V s, which is an increase by a factor of 15 over the unrubbed sample. The eff ͑Ќ͒ also has a substantial increase over the original eff . However, the on/off ratio decreased to ϳ10 4 . A closer examination of the pentacene films deposited on the rubbed and unrubbed monolayer surfaces revealed some interesting differences. Figure 1 shows the AFM micrographs of 60 nm thick pentacene films deposited on various surfaces including the bare SiO 2 / Si. The film on the bare SiO 2 /Si surface exhibited a dendritic morphology, with grain sizes ranging from 0.5 to 1 m. On the unrubbed OTS/ SiO 2 /Si surface, the grains are significantly smaller, ranging from 0.1 to 0.2 m, in agreement with a previous observation. tends to retard the migration of pentacene molecules and results in smaller grains. On the rubbed OTS/ SiO 2 / Si surface, a clear increase in the average grain size to ϳ0.5 m and dendritic morphology were obtained. On the NTS/ SiO 2 / Si surface, similar changes in the grain size and morphology were observed upon rubbing treatment, only that the grains are even larger, up to ϳ2 m in dimension. The x-ray diffraction patterns of the pentacene films on various surfaces are shown in Fig. 2 . The diffraction peaks at 2 = 5.8°, 11.5°, and 17.3°, assigned as ͑001͒, ͑002͒, and ͑003͒ peaks, respectively, of pentacene thin-film phase, 9 suggest that pentacene molecules are nearly perpendicularly oriented. Nevertheless, the intensities of the diffraction peaks are greatly enhanced for the pentacene films on the rubbed surface than those on the unrubbed surface, from 3-fold increase on the OTS surface to ϳ15-fold increase on the NTS surface. This suggests better order or crystallinity along the surface normal for the films deposited on the rubbed surface. It is also noted that a small contribution of the bulk pentacene phase ͓2 at 6.2°and 12.4°for ͑001Ј͒ and ͑002Ј͒, respectively͔ was detected. This bulk phase is more obvious for pentacene film deposited on the NTS-modified substrate. The presence of both crystalline phases has often been observed before. 8 Carbon K-edge near edge x-ray absorption fine structure ͑NEXAFS͒ spectroscopy was carried out on the films deposited on the rubbed SAM surface in order to delineate the origin of the anisotropy in the eff . Linearly polarized x-ray beam was irradiated normal to the substrate, with the electric field aligned either parallel or perpendicular to the rubbing direction. For 5 nm film deposited on the rubbed OTS surface, the intensities of the 1s → * transitions at 283.5 and 285.0 eV, respectively, along the rubbing direction are larger than those perpendicular to the rubbing direction ͑Fig. 3͒. This may result from the nonequivalent directions in the herringbone packing layer of pentacene with the molecules packed 53°relative to each other.
The results shown so far suggest that a rubbed SAM has several impacts on the film structure and the mobility of pentacene-based transistors. Firstly, larger grains are formed on the rubbed SAM compared to those on the unrubbed SAM. Secondly, the rubbing introduces in-plane anisotropy in the packing direction of the pentacene crystallites. These results are rationalized in the following. The alkylsilane SAM formed on SiO 2 / Si surface is composed of domains of closely packed yet tilted alkyl chains, with a finite tilt angle ͓10°-18°͑Ref. 14͔͒ from the surface normal. Thus a twodimensional "polycrystalline" alkane surface oriented in various directions is formed. The pentacene molecules arriving on these domains nucleate and grow into crystallites without any correlation. By rubbing the SAM in the same direction, the molecular chains are "combed" in one direction and form a more uniform surface. The pentacene molecules arriving at the uniform surface nucleate and crystallize into grains that are better connected and merged into larger grains, which results in higher mobilities. For the anisotropic mobility observed, it has been suggested from theoretical calculation that the charge transport in pentacene film takes place mainly within the layers and is nonequivalent along various directions within the layer due to the different distances between pentacene moieties which are arranged in a herringbone fashion. 15 The rubbed monolayer induced either a preferential packing direction of the molecular planes or the crystallites and thus anisotropic behavior in the fieldeffect mobility. 16 More significant change resulted from the rubbing of NTS-modified surface than the OTS-modified surface. This may have to do with the physical state of the two monolayer films: OTS forms a crystalline solid film which is less prone to change, whereas NTS forms a more flexible or fluidic film due to the shorter chain length and easier to conform to the rubbing action. The much improved crystallinity of the pentacene film deposited on the rubbed NTS surface may also increase the conductivity of the film in the "off" state, so that a reduced on/off ratio was observed.
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